Introduction
============

As a rare subtype of acute myeloid leukemia (AML), acute promyelocytic leukemia (APL) accounts for 10 to 15% of approximately 21,450 new cases of adults with AML per year in the USA.^[@b1-1051567]^ APL leukemic cells typically harbor a t (15:17) chromosomal translocation resulting in the expression of the promyelocytic leukemia-retinoic acid receptor (*PML-RARα*) gene fusion, which blocks the normal cell differentiation processes. Clinically, the disease often presents with coagulopathy that can lead to catastrophic hemorrhage. Until recently, the standard-of-care for patients with newly diagnosed with APL involved the combination of all-trans-retinoic acid (ATRA) plus anthracycline-based chemotherapy for induction and consolidation.^[@b2-1051567]^ In general, patients receive two to three cycles until complete molecular remission is achieved. After consolidation, patients receive ATRA with or without low-dose chemotherapy for 1 to 2 years for maintenance.

Arsenic has been used to treat a variety of diseases such as the plague and malaria for more than 2 millennia.^[@b3-1051567]^ In the late 1900s arsenic was found to have anti-leukemic activity and was used for \~70 years to treat various leukemias. In the 1990s, three teams of Chinese researchers found that intravenous (IV) arsenic tri-oxide (ATO) was effective in patients with APL, with complete responses (CR) observed in 66% of patients in one study.^[@b4-1051567]^ In other studies, up to 90% of relapsed patients with APL and over 70% of newly diagnosed patients achieved responses.^[@b5-1051567],[@b6-1051567]^ Following this success, several clinical studies conducted in the USA established the safety and efficacy of IV ATO in patients with APL who had relapsed after prior ATRA + anthracycline therapy. In the first pilot study, 92% of the 12 patients treated achieved a CR with IV ATO alone, and 67% had undetectable PML-RAR transcripts.^[@b7-1051567]^ In a larger trial (n=40), 85% of patients with relapsed APL achieved CR; more than three-quarters of the patients were alive after 2 years.^[@b8-1051567]^ This trial formed the basis for the approval of IV ATO, Trisenox^®^, in the USA in 2000 and in Europe in 2002 for second line therapy of patients with APL who are refractory to - or have relapsed from - ATRA + anthracycline chemotherapy.^[@b9-1051567]^ Since 2000, ATO has been used as the standard-of-care for relapsed APL, with remission rates greater than 80% as a single agent after two 25-day cycles.

Several investigators have examined the role of IV ATO in frontline therapy of patients with newly diagnosed APL and have demonstrated that this approach is feasible.^[@b10-1051567]--[@b13-1051567]^ Recently, two large randomized trials have shown that the combination of ATRA and IV ATO for induction is superior to ATRA + chemotherapy in the treatment of APL patients with standard-risk disease.^[@b14-1051567],[@b15-1051567]^ Moreover, long-term follow-up of these patients showed that patients treated with ATRA + IV ATO had a significantly higher event-free and overall survival and a significantly lower cumulative relapse rate compared with the ATRA + chemotherapy cohort.^[@b16-1051567]^ These findings have led to new recommendations for the use of IV ATO as a first-line therapy in combination with ATRA for the management of patients with standard-risk APL (white blood cell \[WBC\] count ≤10×10^9^/L), with additional chemotherapy reserved for patients with high-risk disease (WBC count \>10×10^9^/L).^[@b17-1051567],[@b18-1051567]^ The combination of IV ATO + ATRA is also safe and effective in patients who are not suitable candidates for anthracycline-based chemotherapy, such as those with significant cardiac disease or older adults.^[@b14-1051567],[@b15-1051567]^

As a front-line therapy for APL, ATO needs to be administered IV daily for over 100 doses, which is inconvenient, costly, and leads to a decreased quality of life for the patients. Therefore, the introduction of an oral ATO formulation could improve patients' quality of life, and drug compliance, while reducing costs.

Two oral formulations of ATO have been developed in Hong Kong. One is a liquid formulation of As~2~O~3~ at 1 mg/mL (pH 7.2), which was found to be highly bioavailable.^[@b19-1051567]^ In relapsed APL patients, the formulation was highly active, showing an efficacy comparable to IV ATO.^[@b20-1051567]^ As a maintenance regimen in APL patients with first complete remission, the formulation was effective in the long term, with a 3-year leukemia-free-survival, event-free survival, and overall-survival of 87.7%, 83.7%, and 90.6%, respectively.^[@b21-1051567]^ Oral ATO incorporation into frontline treatment with ATRA and chemotherapy in newly diagnosed APL is safe and reduces relapses.^[@b22-1051567]^ This oral liquid formulation did not induce QT prolongation or cardiac arrhyth-mias,^[@b20-1051567],[@b21-1051567],[@b23-1051567]^ and the severity and incidence of other side effects (leucocytosis, LFT abnormalities, and skin rashes) was comparable to that of IV ATO.^[@b20-1051567]^

However, commercializing a liquid oral formulation intended to be self-administered by patients could represent a safety challenge in handling and dosing. Therefore, a solid oral formulation of ATO is preferable. The other oral formulation developed in China is a pill termed RIF containing Realgar, a naturally occurring mixture containing tetra arsenic tetra sulfide (As4S4; 30 mg per pill), *Indigo naturalis*, *Radix salvia miltiorrhizae*, and *Radix pseudostellariae*.^[@b24-1051567]^ In a phase 2 clinical trial conducted in China, the formulation demonstrated a CR rate of 96.7% and a reasonable safety profile in newly diagnosed APL patients.^[@b25-1051567]^ In a phase 3 study, RIF + ATRA was not inferior to IV ATO + ATRA as first-line treatment for APL, and adverse events (AE) were similar in the two arms.^[@b26-1051567]^ RIF has been commercialized and is available in China.

However, these oral ATO formulations are not available in Western markets. Therefore, a unique oral powder capsule formulation of ATO, ORH-2014, was developed, for the treatment of APL and other hematologic malignancies. Herein we report the results of the first-in-human study with ORH-2014 in subjects with relapsed advanced hematological disorders. ORH-2014 safety profile, recommended dose, pharmacokinetic profile, and preliminary efficacy data are reported and discussed.

Methods
=======

For ORH-2014 formulation development and physical properties, see the *Online Supplementary Materials and Methods*.

We conducted a multicenter phase 1 open-label, dose-escalating study to evaluate the safety, tolerability, pharmacokinetics and to determine the recommended dose and preliminary efficacy of oral ORH-2014 in patients with advanced hematologic malignancies. ORH-2014 dose-escalation was designed as 5-mg increments starting from 5 mg and could potentially go up to 50 mg, in a standard 3x3 dose-escalation scheme (described below). The starting dose (5 mg) was chosen to be approximately half of the IV ATO approved dose of 0.15 mg/kg for a 70-kg person (i.e. 5.25 mg). ORH-2014 was administered orally once daily (QD) in the fasted state. Dose-escalation was to be stopped when the mean area under the concentration-time curve from 0 to 24 hours (AUC0-24) and/or the maximum observed concentration (C~max~) of total arsenic in plasma at a given dose of ORH-2014 was ≥30% higher than that for IV ATO at the approved dose or if the maximum tolerated dose (MTD) was reached. Anticancer agents other than ORH-2014 (including systemic chemotherapy, radiation therapy, or biologic response modifiers) were not permitted during the study, except for the temporary use of hydroxyurea. Supportive care was allowed, including antibiotics, IV electrolytes, platelet transfusions, and steroids.

Male and non-pregnant female subjects ≥18 years of age with the following advanced hematological disorders and no available therapies were eligible for enrolment: (i) Relapsed or refractory AML with nucleophosmin-1 (*NPM1*) mutations; (ii) relapsed or refractory APL; (iii) relapsed or refractory intermediate or high-risk myelodysplastic syndrome (MDS); (iv) relapsed or refractory chronic myelomonocytic leukemia (CMML) and other MDS/myeloproliferative neoplasm (MPN) overlapping syndromes; or (v) relapsed or refractory mantle cell lymphoma (MCL). Subjects were excluded if they had an Eastern Cooperative Oncology Group performance status \>3; absolute myeloblast count ≥20,000/mm^3^; remaining toxicities (\>grade I) due to previous chemotherapy; abnormal liver function tests (above specified limits); impaired cardiac function; or had received any antineoplastic therapy (except hydroxyurea) within \<5 half-lives before ORH-2014 administration. All participants gave written informed consent before entering the study.

First, a cohort of three subjects received ORH-2014 at the dose 5 mg QD, and dose-limiting toxicities (DLT) were observed for four weeks (DLT definition in the *Online Supplementary Materials and Methods*). If none of the three subjects exhibited a DLT in the four-week period, then the study could advance to the next higher dose level. At any dose level, if 1 of 3 subjects exhibited a DLT, the cohort was to be expanded to six subjects. If 1 of 6 subjects exhibited a DLT, the next subject was to be enrolled at the next higher dose level. If ≥1 of 3 or 6 subjects exhibited a DLT, then the dose level below was considered the maximum tolerated dose (MTD). Subjects with no DLT continued to receive ORH-2014 at the same dose for an additional eight weeks, followed by bone marrow evaluation to analyze response. Subjects achieving CR or partial remission (PR) at the end of the 12-week treatment period were eligible to receive an additional 12 weeks of therapy. The study was approved by the institutional review board affiliated with each study site.

Results
=======

ORH-2014 physical properties
----------------------------

ORH-2014 molecular formula is AS~2~O~3~, As~4~O~6~ in form ([Figure 1](#f1-1051567){ref-type="fig"}), and its relative molecular mass is 197.8 g/mol. ORH-2014 oral capsule formulation was developed by a lyophilization process (see the *Online Supplementary Materials and Methods*), which significantly reduces the ATO particle size and increases the particle surface area ([Table 1](#t1-1051567){ref-type="table"}). The aggregate particle size of the Lyopremix (see the *Online Supplementary Materials and Methods*) was about 5-10-fold smaller than that of the unprocessed ATO. The specific surface area of the Lyopremix was also significantly higher than that of the unprocessed ATO. [Figure 2A](#f2-1051567){ref-type="fig"} shows the structure of ORH-2014 Lyopremix, which consists of a matrix of sodium lauryl sulfate with microscopic ATO crystals with well-defined morphology. The small particle size and the large surface area of the ATO Lyopremix in ORH-2014 allows rapid drug dissolution in the simulated gastric media of 0.1 N HCl (80% of the compound dissolved in 10 minutes; [Figure 2B](#f2-1051567){ref-type="fig"}), potentially enhancing oral bioavailability.

![Arsenic oxide structural formula. Atoms are represented as spheres, with oxygen in red and arsenic in purple.](1051567.fig1){#f1-1051567}

###### 

ORH-2014 particle size and surface area.

![](1051567.tab1)

![ORH-2014 particles and dissolution profile. A: ORH-2014 Lyopremix by scanning electron microscopy; bar represents 5 μm. B: ORH-2014 capsule dissolution kinetic. See the *Online Supplementary Materials and Methods* for ORH-2014 particle size and dissolution assessments.](1051567.fig2){#f2-1051567}

Patient characteristics
-----------------------

The trial enrolled 12 patients (eight males; four females) with advanced hematologic malignancies: six with advanced MDS, four with refractory AML with NPM1 mutation, and two with CMML ([Table 2](#t2-1051567){ref-type="table"}). The median patient age was 76.5 years (range: 45-81), (83.3%) were white, the median weight was 81.5 kg (range: 56.0-104.1) and patients had a median of two prior therapies (range: 1-5).

###### 

Subjects' demographic and baseline characteristics.
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ORH-2014 safety profile
-----------------------

All 12 patients were included in the safety analysis set. No DLT was reported during the four-week DLT observation period. Eight subjects (66.7%) had drug-related AE; the incidence of AE was identical in the three dose groups (66.3%) ([Table 3](#t3-1051567){ref-type="table"}). The most common drug-related AE were nausea (n=5), diarrhea (n=4), and headache (n=3). All but one drug-related AE were mild or moderate (grade I II). Grade III AE of QTcF prolongation occurred in one subject (8.3%) outside of the DLT observation period (on day 68), and was attributed to ORH-2014 and concomitant levofloxacine (Levaquin^®^; a fluoroquinolone antibiotic). Since both levofloxacin and ATO are known to induce QT prolongation,^[@b9-1051567],[@b30-1051567]^ both were stopped. The AE resolved, and treatment with ORH-2014 alone was resumed at the same dose (5 mg), without any further occurrence of QT prolongation. The patient was able to receive ORH-2014 at 5 mg QD for a total of 171 days. There were very few renal, hepatic, and hematologic AE related to the underlying disease state, with the exception of grade I transaminitis attributed to ORH-2014; this event resolved on its own without treatment interruption or any medications. Two deaths occurred (on days 35 and 40 post dose) due to progression of the disease, both unrelated to ORH-2014.

###### 

Common drug-related adverse events (observed in ≥2 subjects).

![](1051567.tab3)

ORH-2014 pharmacokinetic profile Total plasma arsenic
-----------------------------------------------------

Following single and repeated oral administration of 5, 10 or 15 mg of ORH-2014 QD, the median Tmax for total plasma arsenic occurred between 1 and 12 hours ([Table 4](#t4-1051567){ref-type="table"}). On day 15, C~max~ and AUC0-24 geometric means increased by 3.4- and 2.9-fold, respectively, over the 3-fold dose increase (5-15 mg), indicating that systemic exposure was nearly dose-proportional ([Figure 3](#f3-1051567){ref-type="fig"}). There was a low correlation (below 0.2) between total the arsenic exposure and patients' BMI, suggesting that a flat dose of ORH-2014 (rather than mg/kg dose) is adequate.

###### 

Pharmokinetic parameters for total arsenic.

![](1051567.tab4)

![Plasma arsenic concentration-time curves at days 1, 5, 15, and 22. Red curves: 5 mg ORH-2014 QD (n=3); green curves: 10 mg ORH-2014 QD (n=6); blue curves: 15 mg ORH-QD (n=3). Data are arithmetic mean ± standard deviation (SD) total arsenic (ng/mL plasma). See the *Online Supplementary Materials and Methods* for pharmacokinetic (PK) data analyses. h: hours.](1051567.fig3){#f3-1051567}

On days 15 and 22, between-subject variability (geometric % CV) was generally moderate with % CV ranging from 17% to 37% for C~max~, and from 34% to 41% for AUC0-24 ([Table 4](#t4-1051567){ref-type="table"})

The mean extent of accumulation (AR, which is based on AUC0-24) was approximately 3- to 4-fold on Day 5, 4-to 5-fold (excluding a patient receiving 5 mg ORH-2014 who had a 7-fold accumulation) on Day 15, and 4- to 5-fold on Day 22 ([Table 4](#t4-1051567){ref-type="table"}). The approximately 5-fold accumulation indicated an effective half-life of three days. Visual inspection of trough total arsenic concentrations also indicated that a steady-state reached by day 15 ([Figure 3](#f3-1051567){ref-type="fig"}). The observed time to reach steady-state (15 days) is consistent with an effective half-life of three days, since 97% of steady-state is achieved after five half-lives (5x3 days = 15 days).

ORH-2014 at the 15 mg dose is comparable to the IV ATO approved dose (0.15 mg/kg) for adult patients. Exposure to 15 mg ORH-2014 was compared to exposure to IV ATO at the approved dose, using IV ATO historical data ([Table 4](#t4-1051567){ref-type="table"}). After daily administration of 10 mg ORH-2014 for 15 days, ORH-2014 C~max~ was about half of IV-ATO C~max~ at day 8 (mean: 66 *vs*. 124 ng/mL, respectively) but its AUC0-24 was similar (1,340 *vs*. 1,302 h\*ng/mL, respectively). At 15 mg, ORH-2014's C~max~ was similar to IV-ATO's (mean: 114 *vs*. 124 ng/mL, respectively) but its AUC0-24 was higher (2,140 vs. 1,302 h\*ng/mL).

Pharmacokinteics of arsenical species
-------------------------------------

The pharmacokinetic (PK) of arsenical species (\[AsIII\], \[AsV\], \[MMAV\], \[DMAV\]) was determined for all subjects in this study (see the *Online Supplementary Materials and Methods*). Peak plasma concentrations of AsIII, the primary active species, were reached at approximately two hours across all doses (range: 1-4 hours). Plasma concentration of AsIII declined in a biphasic manner with a mean elimination half-life of 7 to 16 hours and is characterized by an initial rapid distribution phase followed by a slower terminal elimination phase. Twenty-two days after daily administration of ORH-2014 at 15 mg, AsIII C~max~ was 25 ng/mL (42% CV) and AUC was 354 ng\*hr/mL (47% CV), which is comparable to the AUC of Trisenox (332 ng\*hr/mL; n=6; on Day 25).^[@b9-1051567]^ After administration at 5, 10 or 15 mg on a daily regimen, accumulation of AsIII ranged from 1.05 to 1.44 compared to a single dose. The primary pentavalent metabolites, MMAV and DMAV, were slow to appear in plasma (approximately 4 to 24 hours after first administration of ORH-2014), but, due to their apparent longer half-life, accumulate more upon multiple dosing than does AsIII. The extent of accumulation of these metabolites is dependent on the dosing regimen. Accumulation ranged from 1.4- to 11-fold following multiple dosing as compared to single dose administration. AsV is present in plasma only at relatively low levels. ORH-2014 AUC of As~3~ species, is comparable to the AsIII AUC of IV ATO.^[@b9-1051567]^

Efficacy
--------

Although this phase 1 study was not intended to formally determine efficacy of ORH-2014, disease improve ments were observed in two patients with advanced MDS. One patient had complete marrow remission observed approximately 12 and 27 weeks after starting ORH-2014. The patient took 171 doses and was on the study for 187 days of ORH-2014 at 5 mg daily. Another patient had improvement in peripheral counts and became eligible for bone marrow transplant after 110 days of ORH-2014 dosing at 15 mg daily (this patient did not have any bone marrow procedures performed beyond the 30-day timepoint, to avoid an invasive procedure).

Discussion
==========

In the past 5 years, the standard-of-care for non-high-risk APL patients has shifted from the combination of ATRA plus anthracycline chemotherapy to the combination of IV ATO plus ATRA, triggering new treatment guidelines.^[@b2-1051567]^ However, IV ATO plus ATRA treatment regimen consists of daily IV administration of ATO for over 100 days, which represents an important burden to patients and caregivers, and can be associated with low treatment compliance, low quality of life, and high costs. Poor compliance is an important issue with IV ATO treatment due to the burden of attending lengthy daily clinic visits for months, particularly for patients who live far from the treatment center, who work, and/or have family obligations, which is common in relatively younger AML population. Therefore, the development and approval of an oral ATO formulation would greatly improve APL treatment by offering patients the ability to conveniently self-administer the entire treatment at home (since ATRA is also an oral drug) while carrying on their normal daily life. Oral ATO drugs are available in the Chinese market, but not approved in Western countries. To meet the need of Western countries, an oral powder capsule formulation, ORH-2014, was developed using a novel lyophilization process which results in micron-size drug particles with a large surface area that enable rapid dissolution in an acidic environment. The rapid dissolution of ORH-2014 results in a high bioavailability of arsenic, as indicated by the AUC.

ORH-2014 C~max~ and AUC for total arsenic were dose-proportional, indicating linear absorption. Treatment with ORH-2014 at 10 or 15 mg (which is equivalent to IV ATO approved dose for an adult person) resulted in an exposure (AUC0-24) similar to IV ATO at the approved dose. Correlation between total arsenic exposure and patient body weight was found to be very low (less than 0.2), implying that dose adjustment based on body mass index (BMI) (*e.g*. dosing in mg/kg) is not necessary. ORH-2014 15 mg AUC and C~max~ for As~3~, the most active species, was also similar to that of IV ATO, which provides additional confidence that the 15 mg dose will be safe and potentially as effective as Trisenox. The liquid ATO formulation in Kumana *et al*. study also reported similar AUC and C~max~ than IV ATO for total arsenic.^[@b19-1051567]^ ORH-2014 also resulted in small inter-patient variations in exposure, indicating reliable dosing. At 15 mg ORH-2014, administration for 25 days yielded an AUC0-24 greater than IV ATO, which fulfilled the protocol second stopping rule. (Dose-escalation was to be stopped if MTD was observed, however MTD was not reached or if ORH-2014's mean AUC0-24 and/or C~max~ was ≥30% higher as calculated in IV ATO at the approved dose). ORH-2014 and IV ATO have a similar elimination half-life of three days and 80 to 100 hours, respectively).^[@b9-1051567]^

ORH-2014 administration yielded no DLT up to a dose of 15 mg in the 12 patients with hematologic malignancies who had relapsed from prior treatments. Therefore, we recommend using the 15 mg ORH-2014 dose for future clinical trials with ORH-2014. The most common drug-related AE (observed in ≥3 \[25%\] patients) were nausea, diarrhea, and headache, which were grade I-II (mild and moderate). ORH-2014 did not induce any clinically significant hepatic toxicities which are reported with IV ATO at a great frequency (16-23% and 44%, respectively).^[@b9-1051567]^ Many of the adverse reactions observed with IV ATO are serious (grade ≥III): in a phase 2 study with IV ATO, 25% of patients had QTc interval ≥500 msec (grade III-IV), and the rates of grade III-IV differentiation syndrome, hyperleukocytosis, atrial dysrhythmias, and hyperglycemia were 5% to 7.5% with ORH-2014, only one drug-related AE (grade III) of QT prolongation was observed in one (8.3%) patient who was taking both ORH-2014 5 mg and fluorofloxacine, an antibiotic known to induce QT prolongation. The event was transient and reversible upon interruption of both drugs, and the patient was able to resume treatment with ORH-2014, at a 5 mg dose alone with no further cardiac conduction issues, for a total duration of 187 days on study. The fewer side effects observed with ORH-2014 could be attributed to its lower C~max~ and steadier exposure profile^[@b3-1051567]^ prior to steady state (\~day 15). Altogether, the findings of this phase 1 study indicate that ORH-2014 oral formulation may be safer than the approved IV ATO formulation. The convenient oral dosing could make it suitable for the treatment of APL and other hematologic malignancies at home without the need of daily hospital visits for IV administration.

Of note ORH-2014 also resulted in a lower incidence of AE, especially lower liver toxicity, compared to the other two oral arsenic formulations. Indeed, liver toxicity was observed in 48% of the patients (26% of whom had grade III-IV toxicities) with the liquid formulation,^[@b22-1051567]^ and 45% (all grade I-II) with the Realgar-Indigo naturalis Formula (RIF) formulation,^[@b26-1051567]^ while only one (8.3%) transient grade I liver toxicity occurred with ORH-2014, albeit this was observed in a smaller sample population (n=12).

Although this phase 1 study was not formally intended to demonstrate ORH-2014 efficacy, disease improvement was observed in one patient and another patient became eligible for bone marrow transplant with MDS. Additional studies will need to be conducted in MDS and other hematologic malignancies.

This first-in-human phase 1 study in patients with advanced hematological malignancies was intended to determine the safety profile, PK profile, and dose of ORH-2014. Therefore, in this study we did not conduct a side-by-side comparison of ORH-2014 and IV ATO, and used IV ATO historical data for comparison. A parallel comparison with IV ATO may be performed in the next planned study in patients with APL in whom IV ATO is approved. While data from a crossover design may add value to the study, it requires the drug to be held for over one week for an adequate washout of ATO, which is not acceptable in patients with advanced hematological malignancies who require ongoing treatment.

Oral formulations of ATO, including ORH-2014, could represent safer and similarly active alternatives to IV ATO and could have great utility for the treatment of patients with APL by improving the patients' quality of life and treatment compliance, while reducing the patient burden and treatment costs. Based on the findings of the present study, a flat dose of 15 mg daily ORH-2014, administered daily (like IV ATO), appears to be adequate for the induction and consolidation therapy in adult patients with hematologic malignancies in future trials. Additional studies may be conducted with alternate treatment regimen if deemed necessary. In pediatric patients, however, a per-weight dose is recommended.
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